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Magnetic materials hosting topological spin textures like magnetic skyrmion exhibit nontrivial Hall effect,
namely, topological Hall effect (THE). In this study, we demonstrate the emergence of THE in thin films of
half-metallic perovskite manganites. To stabilize magnetic skyrmions, we control the perpendicular magnetic
anisotropy by imposing a compressive epitaxial strain as well as by introducing a small Ru doping. When the
perpendicular magnetic anisotropy is tuned so that it is balanced with the magnetic dipolar interaction, the film
exhibits a sizable THE in a magnetization reversal process. Real-space observations indicate the formation of
skyrmions and some of them have high topological charge number. The present result opens up the possibility
for novel functionalities that emerge under keen competition between the skyrmion phase and other rich phases
of perovskite manganites with various orders in spin, charge, and orbital degrees of freedom.
I. INTRODUCTION
Perovskite manganites with a composition of R1−xAxMnO3
(R stands for a rare-earth ion, A an alkaline earth ion, x the
band filling) as illustrated in Fig. 1(a) exhibit a wide variety
of ordered structures in spin, charge, and orbital degrees of
freedom depending on the band filling and the band width [1].
Various unique phenomena observed in these systems origi-
nate from the strong correlation between these electron de-
grees of freedom. A well-known example for one of such
phenomena is the colossal magnetoresistance, which occurs
due to the phase transition between a charge-orbital-ordered
antiferromagnetic insulating state and a double-exchange fer-
romagnetic metallic state induced by a magnetic field. The
conduction electron in the ferromagnetic-metallic state has a
nearly 100 % spin polarization, and hence it is recognized as
a representative half-metal [2]. Another example is the multi-
ferroicity which appears in Mott insulator phase at x = 0. In
this phase, the spontaneous electric polarization is induced by
a non-collinear spiral order of the local spins, leading to the
emergence of the non-trivial electromagnetic responses, such
as the large modulation of the magnetization by an electric
field [3, 4].
When a spin-polarized conduction electron passes through
a non-collinear local spin order, non-trivial electromagnetic
coupling emerges, as typified by the topological Hall ef-
fect (THE) observed in the compounds hosting magnetic
skyrmion [5, 6]. This Hall effect originates from the Berry
phase acquired by the conduction electron whose spin is
aligned to the local spin by the Hund’s-rule coupling. The
half-metallic manganite is an attractive system to examine the
THE because its magnitude is proportional to the spin po-
larization. The magnetic skyrmion is a particle-like object
with a whirling spin texture as illustrated in Fig. 1(b). The
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exact definition of the magnetic skyrmion is a solitonic state
stabilized by a competition between the exchange interaction
enforcing a parallel spin alignment and the Dzyaloshinskii-
Moriya interaction (DMI) twisting the parallel spin alignment.
Hence, it is observed in noncentrosymmetric magnets (chi-
ral skyrmion) [7–10]. Similar but slightly different particle-
like magnetic texture is observed in centrosymmetric magnets
known as the magnetic bubble which is stabilized by the mag-
netic dipolar interaction instead of DMI [11, 12]. Although
the chiral skyrmion and magnetic bubble are different in the
magnetization profile in the core region [13], their dynamical
response and THE can be quantified by a common topological
invariant called the skyrmion number (N), which is defined as
a number of spheres wrapped by the constituent spins [14–16].
Hence, a magnetic bubble can be also regarded as a skyrmion
in a broad sense, and is called ‘skyrmionic bubble’. Although
the study on the skyrmionic bubble has a long history, it at-
tracts recently a renewed interest , in particular, due to the
richer skyrmion textures which are brought about by the un-
FIG. 1: (a) A schematic of the crystal structure of perovskite man-
ganite. (b) A schematic spin texture of a single skyrmionic bubble.
(c) Stripe domain width in a ferromagnetic thin film as a function
of Q factor calculated using Eq. 1. The parameters we used for the
calculation are described in the main text. The inset shows the evo-
lution of the characteristic spin configuration with Q factor; spins
pointing lateral direction with large domain (Q < 1), twisted con-
figuration (Q ∼ 1), and spins pointing perpendicular direction with
large domain (Q > 1).
2derlying helicity degree of freedom [16, 17]. Furthermore, the
skyrmionic bubbles can form only in single-phase bulk crys-
tals [18–24], but also in thin film multilayers, sometimes in
conjunction with DMI [25–31]. The wide variety of materials
choice is a major advantage of the skyrmionic bubble from the
application point of view.
Although there are several reports on the observation of
skyrmionic bubbles in bulk crystals of manganites [18–22],
neither the control of the skyrmion size nor the observation
of THE has been achieved yet. Thin film structure pro-
vides an excellent platform for such a study. The size of the
skyrmionic bubble in a thin film crucially depends on the mag-
nitude of the uniaxial magnetic anisotropy. The quality factor
Q = Ku/Ω, where Ku is the uniaxial magnetic anisotropy en-
ergy and Ω = 2piM2s (Ms is saturation magnetization) is the
dipolar interaction energy, is known to be a good measure of
the domain size [32, 33]. The domain size can be formed only
when Q ≥ 1, and the domain width (L) becomes larger with Q
as shown in Fig. 1(c). L is calculated based on the following
analytical solution,
L =
5nJpi2
6ΩL
exp
(√
nJpi4(Q − 1)ΩS/Ω
2
L
+ 1
)
√
nJpi4(Q − 1)ΩS/Ω
2
L
+ 1
, (1)
where the film has n layers (n = t/a, t is the film thickness
and a the lattice constant), J the exchange interaction energy,
ΩL = 2pi(nMs)
2, and ΩS = 2pinM
2
s [34, 35]. The Q depen-
dence of the domain width shown in Fig. 1(c) is estimated us-
ing J =2.5 meV [36], n = 75 (t = 30 nm) and Ms = 2.5 µB/f.u..
In this study, we tune the Q value in thin films of manganite by
controlling Ku using both the single-ion anisotropy induced by
Ru doping and the epitaxial strain. We find that large THE ap-
pears when the perpendicular magnetic anisotropy and dipolar
interaction are in keen competition.
FIG. 2: (a) Temperature dependence of the resistivity for
La0.7Sr0.3Mn1−yRuyO3 films on LSAT(001) substrate with y = 0,
0.05, and 0.1. (b)(c)(d) Temperature dependence of the magneti-
zation for the same samples measured in a magnetic field of 0.1 T
applied parallel (Min) and perpendicular (Mz) to the film surface.
II. SAMPLE PREPARATION
Thin films of La0.7Sr0.3Mn1−yRuyO3 (LSMRO) with a
thickness of 30 nm were grown on (001) surface of
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates by a pulsed
laser deposition technique. The Ru concentration y was var-
ied from 0 to 0.1. As reported in Ref. [38], a too high growth
temperature (Tgrowth) or a low oxygen pressure (PO2) causes
the deficiency of Ru. We optimized the growth condition at
Tgrowth = 720
◦C and PO2 = 40 mTorr to obtain thin films
with a stoichiometric composition and an atomically flat sur-
face. We verified by x-ray diffraction measurements that the
films grown under the optimum condition have pseudomor-
phic structures with their c-axis being elongated due to the
compressive strain imposed by LSAT substrate whose lattice
constant is smaller than that of LSMRO [39].
III. MAGNETIC AND TRANSPORT PROPERTIES
Figure 2 displays temperature dependence of the resistivity
and magnetization for the films with y = 0, 0.05, and 0.1. All
films show a metallic behavior concomitant with the appear-
ance of the ferromagnetic state, whereas the magnetic easy
axis changes its direction. At y = 0, the magnetic easy axis
lies along the in-plane direction (Min). As increasing the Ru
concentration, Min decreases and alternatively out-of-plane
component (Mz) increases. Min and Mz are comparable at
y = 0.05, and Mz dominates y = 0.1. The switching of the
magnetic easy axis with Ru concentration is also apparent in
the magnetic-field dependence of the magnetization shown in
Figs. 3(a), (b), and (c). We thus that the film with y = 0.05 is
in a state of Q ∼ 1, the ideal condition for the generation of
small skyrmions. To confirm the effect of the epitaxial strain
on the magnetic anisotropy, we fabricated a thin film with y =
0.05 on a SrTiO3 (STO) substrate to apply a tensile strain. As
shown in Fig. 4, the M-H curve of the film grown on STO sub-
strate indicates a robust in-plane magnetic anisotropy with a
large coercive magnetic field, being consistent with the result
in Ref. [38].
It has been known that the magnetic anisotropy in man-
ganite films can be controlled by the epitaxial strain [40–
42]. However, the realization of a perpendicularly magne-
tized state only by the epitaxial strain requires a sizable com-
pressive strain imposed by a largely lattice-mismatched sub-
strate. This, however, causes a partial strain relaxation and
homogeneous magnetic state. Furthermore, it is difficult to
realize continuous variation of the magnetic anisotropy due
to the limited choice of the substrates. Therefore, there has
been no report on the dense and small skyrmion formation in
manganite films. Our results indicate that the combination of
the compressive strain and Ru doping enables the perpendic-
ularly magnetized state by a modest strain and a continuous
control of the magnetic anisotropy by changing Ru concen-
tration. The compressive biaxial epitaxial strain imposed by
LSAT substrate lifts the t2g orbital degeneracy of the doped
Ru4+ ion with xy orbital being at the lowest energy. The re-
stored orbital angular momentum in a heavy element Ru in-
3FIG. 3: (a)(b)(c) Magnetic-field (H) dependence of magnetiza-
tion measured at a temperature of 100 K for La0.7Sr0.3Mn1−yRuyO3
(LSMRO) films grown on LSAT(001) substrates. Min (Mz) denotes
the magnetization measured by applying H parallel (perpendicular)
to the film surface. The spin texture expected from the magnetization
curves at each Ru concentration is shown in the inset. (d)(e)(f) H de-
pendence of the Hall resistivity (ρyx) measured at 100 K. The inset of
Fig. 3(g) is a picture of the Hall-bar device.
duces the large single-ion anisotropy necessary for the per-
pendicular magnetic anisotropy.
Figures 3(d)-(f) show the Hall resistivity (ρyx) of these films
in Figs. 3(d)-(f). We used photolithography and ion-milling
to pattern the films in Hall-bar shapes (inset of Fig. 3(d)).
The ρyx of the films with y = 0 and 0.1 are almost propor-
tional to Mz. On the contrary, the film with y = 0.05 shows
a large contribution of an additional Hall signal in the small
magnetic field region. In conventional magnets, the ordinary
Hall resistivity (ρOyx) proportional to the magnetic field and the
anomalous Hall resistivity (ρAyx) proportional to Mz contribute
to ρyx. In compounds hosting non-zero spin chirality such as
skyrmion, another contribution to ρyx emerges, that is THE.
Since the film with y = 0.05 is located near the critical point
of Q = 1, the skyrmion density is expected to be enhanced
compared to the other compositions. We thus consider that
the additional Hall signal in this compound stems from THE.
Figure 5(a) shows H-dependence of ρyx, ρ
O
yx, and Mz for the
film with y = 0.05 at 100 K. ρOyx was derived from the lin-
ear fitting of ρyx measured at magnetic fields above 1 T where
ρyx shows a linear dependence on H. The contribution of ρ
A
yx
is derived by fitting ρyx − ρ
O
yx with αMz (α is a constant) in
H outside of the hysteresis. The topological Hall resistivity
(ρTyx) was derived by subtracting ρ
O
yx and ρ
A
yx from the total ρyx,
FIG. 4: (a) Magnetic-field dependence of the magnetization of
LSMRO(y = 0.05)/STO(001) film measured at 100 K. (b) Magnetic-
field dependence of the Hall resistivity for the same film measured at
100 K.
i.e., ρTyx = ρyx − ρ
O
yx − ρ
A
yx [43–48]. The derivation of ρ
T
yx was
carried out by the same procedure at other temperatures, and
ρTyx traces are shown in Fig. 5(b). Figure 5(c) plots the peak
value of ρTyx as well as Min, Mz, and ρ
A
yx as a function of tem-
perature. ρAyx appears at the ferromagnetic transition tempera-
ture (TC = 280 K) and monotonously decreases with lowering
temperature. By contrast, ρTyx appears at 200 K which is appar-
ently lower than TC, and has a peak at 150 K. The temperature
dependence of ρTyx is related to the variation of the magnetic
anisotropy. The temperature dependence of the magnetiza-
tion indicates that Min and Mz becomes comparable at around
FIG. 5: (a) H dependence of ρyx, ordinary Hall resistivity (ρ
O
yx), and
Mz for LSMRO film with y = 0.05 at 100 K. ρ
O
yx was derived by linear
fitting of ρyx-H curve above 1 T of magnetic field. The scale of the
vertical axis for ρyx (left axis) and that for Mz is adjusted so that
they overlap at 0.5 T. (b) Temperature evolution of topological Hall
resistivity (ρTyx) versus H. (c) Temperature dependence of ρ
T
yx and ρ
A
yx
(left axis) and Min and Mz. (right axis). Min and Mz are measured
at a magnetic field of 0.1 T. (d) Temperature dependence of ρTyx and
ρOyx at H = 1 T as well as the effective field (Beff) which is derived by
ρTyx/ρ
O
yx(H = 1 T). The relation between Beff and effective skyrmion
diameter (deff) is shown for several representative values of deff .
4FIG. 6: (a) ρyx-H curves for LSMRO (y = 0.05) film at 100 K mea-
sured in magnetic fields with various inclination angle (θ). Data
are plotted as a function of the perpendicular component of mag-
netic field (µ0H cos θ). The inset depicts the relation between θ and
H. (b) The reduction of the ρTyx under inclined field is defined by
∆ρTyx(θ) = ρyx(θ) − ρyx(θ = 30
◦), and ∆ρTyx(θ)/∆ρ
T
yx(θ = 0
◦) is plotted
as a function of θ. The top axis shows a scale of t/ sin θ (t = 40 nm).
150 K, and Min (Mz) dominates above (below) this tempera-
ture. Above 150 K, ρTyx is absent because the magnetic easy
axis lies in-plane (Q < 1) and the skyrmion is not formed.
As the system approaches the spin reorientation temperature,
ρTyx appears and reaches the maximum when Q ∼ 1 state is
realized. At this point, the skyrmion density is expected to
be largest. At lower temperatures, the perpendicular magnetic
anisotropy is further enhanced, which causes the increase of
Q, leading to the reduction of the skyrmion density and ac-
cordingly the magnitude of ρTyx.
Additional evidence for the skyrmion formation in the film
with y = 0.05 is found in the dependence of the THE on the
magnetic field direction [48]. Figure 6(a) shows that THE
vanishes with increasing the tilt angle of the magnetic field
(θ), whereas the anomalous Hall effect remains almost con-
stant. The reduction of ρTyx under inclined field is defined by
∆ρTyx(θ) = ρyx(θ) − ρyx(θ = 30
◦), and ∆ρTyx(θ)/∆ρ
T
yx(θ = 0
◦) is
plotted as a function of θ in Fig. 6(b). ρTyx reduces gradually,
but it rapidly drops at around θ = 5◦ ∼ 10◦. The skyrmion
diameter (d) is estimated as d = t/ sin θs (θs is the angle where
THE disappears and t is the film thickness) [49]. The top axis
of Fig. 6(b) shows the scale of t/ sin θ. It indicates that the
typical value of d is about 200-300 nm.
The size of skyrmion can be also estimated from the mag-
nitude of THE. A single skyrmion gives an effective field of
the magnetic flux quantum Φ0 = h/e to a conduction elec-
tron, where h is the Planck’s constant and e is the elementary
charge. Therefore, ρTyx and the skyrmion density Φ is related
as ρTyx = PR0Φ0Φ [44], where R0 is the ordinary Hall coef-
ficient and P is the spin polarization. P ∼ 1 in the metallic
state of the perovskite manganites [2]. We derive the effective
field (BeffΦ0Φ) by comparing the temperature dependence of
ρTyx and ρ
O
yx shown in Fig. 5(d). The density of skyrmion es-
timated from Beff is about 2000 µm
−2 at 100 K (1300 µm−2
at 10 K), which means that the effective diameter of skyrmion
(deff) is 24 nm (30 nm) assuming a close-packed hexagonal
lattice. This value is several times smaller than that estimated
from the angle dependence of THE. We shall discuss the pos-
sible origins of this discrepancy later.
IV. REAL-SPACE OBSERVATIONS
We now describe the real-space observation of spin tex-
tures using magnetic-force microscopy (MFM) and Lorentz
transmission electron microscopy (L-TEM). These two tech-
niques offer complementary information on the spin tex-
ture; MFM is sensitive to the out-of-plane magnetization
component, whereas L-TEM can detect the in-plane com-
ponent [10, 31, 50]. MFM observation was performed us-
ing an Attocube low-temperature atomic-force platform (At-
toAFMI). During the scan, we detected the resonant frequency
shift of the cantilever, which originates from the interaction
between the magnetization of the tip and stray magnetic field
from the film. The frequency shift is proportional to the sec-
ond derivative of the local magnetic field with respect to z di-
rection. We employed a Nanosensors PPP-MFMR cantilever.
Themagnetization direction of the tip was defined by applying
−5 T in z direction at 10 K. Then, magnetic field was turned
back to zero and MFM images were recorded at positive mag-
netic fields. We did not observe the magnetization reversal of
the tip up to +300 mT. The excitation amplitude of the can-
tilever was 5 nm. Before the MFM observation, we recorded
the surface topography and stored the tilt of the sample. Then,
the MFM images were taken under constant height (100 nm)
mode. It was not necessary to correct the MFM data by the
topography signal because the sample is atomically flat.
Figures 7(c) show the MFM images taken at four represen-
tative magnetic fields. The corresponding H dependence of
Mz and ρ
T
yx are shown in Figs. 7(a) and 7(b). More detailed H
dependence of MFM image is displayed in Fig. 8. The MFM
image at zero field shows a stripe domain (Fig. 7(c)-1). By
applying a w, modulation patterns appear inside of the stripe
domain as seen in the image at 50 mT (Fig. 7(c)-2). They are
pinched off and become discrete domains as seen in the image
at 70 mT (Fig. 7(c)-3). Near this magnetic field, ρTyx reaches
its maximum value. The domain structure finally disappears
when H exceeds the field value necessary to saturate Mz as
seen in the image at 300 mT (Fig. 7(c)-4), and accordingly,
ρTyx vanishes.
To clarify a possible existence of the periodic structure in
the skyrmion phase as well as the stripe phase, the autocorre-
lation function analysis was performed for the MFM image at
70 mT as displayed in Fig. 9. Average distance between the
adjacent skyrmions derived from the autocorrelation function
is 300 nm (390 nm) along the red (blue) line (Fig. 9(c)). The
skyrmion diameter estimated from the MFM image spread be-
tween 90 and 200 nm, and the average size is about 150 nm.
L-TEM observation was performed at the Lorentz TEM
mode of a conventional transmission electron microscope
(JEM-2100F (JEOL)). The sample for L-TEM observation
was prepared by thinning the substrate of the film. The sub-
strate was firstly thinned by mechanical polishing, and then,
a part of the substrate was further thinned by Ar ion milling
5FIG. 7: (a) Mz-H and (b) ρ
T
yx-H curves for LSMRO(y = 0.05) film measured at 10 K. Data points shown in red indicate the scan direction
traced during the real-space observations. The green dots are data points at which real-space magnetic domain images shown in Figs. 7(c) are
recorded. (c) Magnetic-force microscope (MFM) images taken at 10 K and (d) Lorentz transmission microscope (L-TEM) images taken at
100 K at various magnetic fields; µ0H = 0 T (7(c)-1 and 7(d)-1), 50 mT (7(c)-2 and 7(d)-2), 70 mT (7(c)-3 and 7(d)-3), and 300 mT (7(c)-4
and 7(d)-4). (e)-(g) Result of the transport-of-intensity equation (TIE) analyses for L-TEM images. Figures 7(e), 7(f) are TIE analyses for
domain-a, domain-b denoted in Fig. 7(d)-3, respectively. The domain-a is a single skyrmion with skyrmion number N = 1 and the domain-b
is a biskyrmion with N = 2. Figure 7(g) is a L-TEM image taken at different area of the sample. Figure 7(h) is TIE analysis for domain-c
denoted in Fig. 7(g), which indicates a chain of 4 skyrmions.
FIG. 8: Magnetic-field dependence of MFM images for the
LSMRO(y = 0.05)/LSAT(001) film taken at 10 K.
at a low temperature. Since the compressive epitaxial strain
from LSAT substrate is important to induce the perpendicu-
lar magnetic anisotropy, the ion milling was stopped leaving
the substrate thickness of about 200 nm. The magnetic field
was controlled by changing the objective lens current. The
magnetization textures were obtained by analyzing defocused
L-TEM images with a software Qpt based on transport-of-
intensity-equation (TIE) [51].
The L-TEM images shown in Figs. 7(d) exhibit a similar
evolution of the domain structure in the magnetic field as ob-
served with MFM; stripe domain at zero field, isolated cir-
cular domain at 70 mT, and single domain state at 300 mT.
The typical diameter of the isolated domain is about 100 nm.
The size and density of magnetic textures observed by L-TEM
are slightly different from those observed by MFM, proba-
bly caused by the partial strain relaxation in L-TEM sample
which arose during the thinning process of the substrate. An-
other reason can be a different measurement temperature. The
TIE analysis for a discrete domain denoted by domain-a in
Fig. 7(d)-3 indicates that at the center the magnetic moments
are pointing normal to the film surface and the outside mo-
ments have a swirling structure (Fig. 7(e)). This is a charac-
teristic spin texture of the skyrmion with a skyrmion number
N = 1. Furthermore, the TIE analysis for another discrete
domain denoted by domain-b reveals a bound state of two
skyrmions with opposite helicities, namely the biskyrmion
state (Fig. 7(f)) [20, 24], which has N = 2 and therefore
contributes doubly to the THE. We also found a domain in
which four skyrmions are bound and possibly characterized
by N = 4 as shown in Figs. 7(g) and 7(h).
The diameter of skyrmion (d) observed by MFM and L-
6FIG. 9: (a) MFM images for the LSMRO(y = 0.05)/LSAT(001) film
taken at three different magnetic fields. (b) Two-dimensional auto-
correlation function for the MFM images shown in Fig. 9(a). (c) Line
profiles of the autocorrelation function along the lines in Fig. 9(b).
TEM is in the range of 100-200 nm, which is consistent with
that estimated from the magnetic-field angle dependence of
the THE, but deff estimated from the magnitude of THE is
much smaller and is in the range of 20-30 nm. The fact of such
discrepancy in skyrmion size indicates that THE is enhanced
by several times by some reason. One apparent reason is the
existence of skyrmions having multiple topological charges
as revealed by the L-TEM images. Another possible reason
is the THE in the momentum space as observed in frustrated
and disordered ferromagnets [52, 53]. In the latter case, Hall
effect is usually observed only near TC in perovskite mangan-
ites associated with thermally-driven hedgehog spin configu-
ration [53]. In our film with Q ∼ 1, the solid angle of the
nearest-neighbor local moments can remain finite even at low
temperatures due to a keen competition between the exchange
and the dipolar interactions, which may induce the non-trivial
Hall effect.
V. CONCLUSIONS
In conclusion, we controlled the magnetic anisotropy in
thin films of a half-metallic perovskite manganite. We found
the emergence of large THE in the film with the perpendicular
magnetic anisotropy being balanced with the magnetic dipolar
interaction. MFM and L-TEM observations revealed the ex-
istence of a few hundreds nanometer sized skyrmion bubbles
in the film. We find several times enhancement in the mag-
nitude of THE compared with that expected from real-space
observations, indicating a possibility of other mechanisms to
enhance THE in perovskite manganites.
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